Tobacco (Nicotiana tabacum) is a cadmium (Cd) accumulator, and smoking is a major source of Cd exposure. In the present study, we identified two tobacco cultivars with contrasting phenotypes of Cd and manganese (Mn) accumulation in both hydroponic and soil pot experiments. Physiological experiments showed that the two cultivars differed in Cd uptake, but not in Cd translocation from roots to shoots. A homolog of OsNramp5 (natural resistance-associated macrophage protein 5), NtNramp5, was isolated from both cultivars. There was no significant difference in the expression level of NtNramp5 in the roots between the two cultivars. Sequence analysis revealed that the low Cd/Mn-accumulating cultivar possesses an NtNramp5 allele with a predicted mutation for early translation termination, resulting in a truncated protein missing 104 amino acids in the C-terminus of the full-length NtNramp5 found in the high Cd/Mn-accumulating cultivar. Both proteins were found to be localized to the plasma membrane. Heterologous expression of the two alleles of NtNramp5 in yeast showed that the full-length protein had transport activities for both Mn and Cd, whereas the truncated protein had no transport activity for Mn and a weak transport activity for Cd. These results suggest that NtNramp5 is a transporter for Mn and Cd, and the allelic variation in the coding region of NtNramp5 probaby explains the cultivar difference in Cd and Mn accumulation.
Introduction
Cadmium (Cd) is one of the most toxic heavy metals that can cause serious health problems in humans, including renal dysfunction, osteoporosis and cancers (IARC 1993, Jarup and Akesson 2009) . Cadmium can accumulate in the human body through the food chain. In addition, tobacco smoking is a major source of Cd exposure for smokers (Lugon-Moulin et al. 2004 , Willers et al. 2005 , Jarup and Akesson 2009 , Clemens et al. 2013 . Tobacco (Nicotiana tabacum L.) is a Cd accumulator and can accumulate relatively high concentrations of Cd in the leaves (Lugon-Moulin et al. 2004 , Tsadilas et al. 2005 , Geiss and Kotzias 2007 , Verma et al. 2010 . China is the world's largest producer and consumer of tobacco. In some of the economically lessdeveloped regions of China, tobacco remains an important cash crop for farmers and is often grown on less fertile soils, which are unproductive for other crops. Hence, there is a need to minimize Cd accumulation by tobacco plants.
It is possible to reduce Cd accumulation in tobacco leaves through either breeding (Grant et al. 2008) or genetic engineering (Korenkov et al. 2009 , Liedschulte et al. 2017 . Although the study of the genes involved in Cd uptake or translocation in tobacco plants is still very limited, several families of heavy metal transporter genes involved in Cd uptake or translocation have been identified in other higher plant species. In Arabidopsis thaliana, overexpression of the iron (Fe) transporter genes AtIRT1 and AtIRT2 increased Cd accumulation (Connolly et al. 2002 , Vert et al. 2009 ). OsIRT1 and OsIRT2, the homologous genes of AtIRT1 and AtIRT2 in rice, are also involved in the uptake of Cd (Nakanishi et al. 2006, Lee and . Some members of the P1B-type ATPase family (heavy metal ATPases, HMAs) have been implicated in the transport of divalent heavy metal cations. In Arabidopsis, both AtHMA2 and AtHMA4 function as the zinc (Zn) and Cd transporters on the plasma membranes and are involved in the loading of these metals into the xylem (Hussain et al. 2004 , Verret et al. 2004 , Wong and Cobbett 2009 . In contrast, AtHMA3 is a tonoplast transporter and functions in the vacuolar sequestration of Cd (Morel et al. 2009 , Chao et al. 2012 . Similarly, OsHMA2 functions in the root-to-shoot translocation of Zn and Cd, and OsHMA3 in the sequestration of Cd into the vacuoles in rice plants (Ueno et al. 2010 , Miyadate et al. 2011 , Satoh-Nagasawa et al. 2012 , Yamaji et al. 2013b ). In tobacco plants, two orthologs of AtHMA2 and AtHMA4, named NtHMAa/NtHMA4.1 and NtHMAb/ NtHMA4.2, respectively, have been identified to be responsible for Zn and Cd translocation from roots to shoots (Hermand et al. 2014 , Liedschulte et al. 2017 ). Mutation of these two genes in tobacco plants resulted in decreased Zn and Cd accumulation in shoots as well as increased Cd tolerance (Hermand et al. 2014) . A recent study also showed that disruption of NtHMA4 could Plant Cell Physiol. 58(9): 1583-1593 (2017) doi:10.1093/pcp/pcx087, Advance Access publication on 4 July 2017, available online at www.pcp.oxfordjournals.org ! The Author 2017. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com decrease root-to-shoot translocation of Cd by >90% (Liedschulte et al. 2017) .
The natural resistance-associated macrophage proteins (NRAMPs) constitute a large family of integral membrane proteins in bacteria, yeast, algae, plants and animals (Nevo and Nelson 2006) . In plants, a number of NRAMPs have been shown to be involved in the uptake, translocation and detoxification of transition metals (Nevo and Nelson 2006) . The NRAMP family of metal transporters mainly function as Fe or manganese (Mn) transporters, but some NRAMP proteins can also mediate Cd transport. AtNramp1 is involved in Fe homeostasis in plants (Curie et al. 2000) , and has also been reported to be responsible for Mn and Cd uptake in Arabidopsis (Cailliatte et al. 2010 ). AtNramp3 and AtNramp4 are both located on the vacuolar membrane and are responsible for Fe, Mn and Cd efflux from the vacuole (Thomine et al. 2003 , Lanquar et al. 2005 , Lanquar et al. 2010 . AtNramp6 is targeted to a vesicular-shaped endomembrane compartment and functions as an intracellular metal transporter (Cailliatte et al. 2009 ). Overexpression of AtNramp3, AtNramp4 and AtNramp6 in Arabidopsis conferred hypersensitivity to Cd (Thomine et al. 2003 , Lanquar et al. 2004 , Cailliatte et al. 2009 ). In rice plants, OsNramp1, which is localized to the plasma membrane, participates in cellular Cd uptake and transport (Takahashi et al. 2011) . Moreover, the difference in OsNramp1 expression level in rice roots may contribute to the varietal difference in Cd accumulation (Takahashi et al. 2011 ). OsNramp5 is a major influx transporter of Mn and Cd in rice, contributing to >90% of the Cd absorption ability in the rice plant (Ishikawa et al. 2012 , Sasaki et al. 2012 , Yang et al. 2014 . In barley, HvNramp5 is also a plasma membrane-localized transporter responsible for Mn and Cd uptake (Wu et al. 2016) . Although several NRAMPs have been shown to be involved in Cd uptake and translocation in plants, no NRAMP genes have been studied in tobacco plants.
Among tobacco cultivars, there is substantial genotypic variation in Cd accumulation (Wagner and Yeargan 1986 , LugonMoulin et al. 2004 , Vasiliadou and Dordas 2009 . However, there are no reports on the genetic basis underlying this variation. Understanding the genetic basis for genotypic variation is important for breeding low Cd-accumulating tobacco cultivars using molecular marker-assisted methods. In the present study, we screened Cd accumulation among 10 cultivars of tobacco and identified two cultivars with contrasting abilities for Cd and Mn accumulation for further investigation. We isolated two alleles of NtNramp5 from the two tobacco cultivars and characterized their expression, subcellular localization and the transport activities for Cd and Mn. Our results suggest that allelic variation in NtNramp5 probably explains the cultivar difference in Cd and Mn accumulation.
Results

Variation in Cd accumulation among tobacco cultivars
Based on a preliminary screening of 119 tobacco cultivars, we selected 10 cultivars (Supplementary Table S1 ) with relatively stable Cd accumulation phenotypes for further experiments. The 10 cultivars were grown in hydroponic culture with 0.1 mM Cd for 3 d. Shoot and root Cd concentrations varied by >2.2-fold among the 10 cultivars (Fig. 1A, E) , with cvs. Komotini Basma and Jinying containing the highest and the lowest Cd concentrations, respectively. The patterns of cultivar variation in both shoot and root Cd concentrations were generally similar. There were also significant (P < 0.05) differences in the shoot to root ratio of the Cd concentration (0.41-0.74) among the 10 cultivars (Fig. 1I) , although the ratio was similar between Jinying and Komotini Basma, suggesting that there was no significant difference in the root to shoot Cd translocation between these two cultivars.
Because Cd could be taken up by plant roots via the transporters for Mn, Zn or Fe, we also determined the concentrations of these elements in the 10 cultivars. Significant cultivar variations were found for the concentrations of Mn, Zn and Fe in both roots and shoots ( Fig. 1B-H) . Shoot Cd concentration correlated significantly with shoot Mn (r = 0.87, P < 0.01) and shoot Zn (r = 0.81, P < 0.01) concentrations, but not with shoot Fe concentration ( Supplementary Fig. S1 ). Shoot Zn concentration also correlated significantly with shoot Mn concentration (r = 0.93, P < 0.001) ( Supplementary Fig. S1 ). Partial correlation analysis between shoot Cd, Mn, Zn and Fe concentrations identified the pairs Mn/Zn (partial r = 0.79) and Cd/Mn (partial r = 0.53) as having the highest correlation. The correlations between the concentrations of the four trace metals in roots were not significant. Interestingly, cvs. Jinying and Komotini Basma, the lowest and highest Cd-accumulating cultivar, respectively, also accumulated the lowest and highest levels of Mn in shoots, respectively.
The cvs. Jinying and Komotini Basma were further tested in a pot experiment with a moderately contaminated soil. The concentration of Cd in the leaves of Komotini Basma was 1.7 times higher than that of Jingying (Fig. 2) . The Cd bioconcentration factor, i.e. the ratio of shoot Cd concentration to soil Cd concentration, was 10.1 and 17.3 for Jingying and Komotini Basma, respectively, indicating a generally high Cd accumulation in tobacco.
Cd uptake kinetics
To investigate if the two cultivars differ in Cd uptake, shortterm (20 min) Cd uptake kinetics were determined at either 25 or 0 C. At 0 C, Cd accumulation in roots was low in both Jinying and Komotini Basma, and increased linearly with the Cd concentration of the solution (Fig. 3A) , suggesting that the accumulation represents the apoplastic binding of Cd. There were no significant differences in the apoplastic binding of Cd between the two cultivars. At 25 C, Cd accumulation in roots increased with the external Cd concentration in a hyperbolic pattern. At 0.5-5 mM Cd, Cd influx of Jinying was 27-42% lower than that of Komotini Basma (Fig. 3A) . The symplastic Cd uptake was calculated by subtracting the root Cd concentration measured at 0 C from the data at 25 C, and then fitted to the Michalies-Menten equation (Fig. 3B) . The V max of Komotini Basma was 23% larger than that of Jinying, whereas the K m value of Komotini Basma was 29% lower than that of Jinying ( Fig. 3B) , suggesting a higher uptake capacity and higher affinity for Cd in the former.
Analysis of the coding region of NtNramp5 and amino acid sequence of the encoded protein in different cultivars
Previous reports have shown that OsNramp5 is involved in the uptake of Mn and Cd in rice , Sasaki et al. 2012 , Yang et al. 2014 . Based on phylogenetic analysis, we identified a member of the NRAMP family in the tobacco genome that is closely related to rice OsNramp5 (amino acid identity 70.32%) and OsNramp1 (amino acid identity 65.06%) ( Supplementary Fig. S2 ). This member is named NtNramp5. To investigate if NtNramp5 could be involved in the genotypic variation in Cd and Mn accumulation, the coding regions of NtNramp5 from cvs. Jinying and Komotini Basma were isolated and sequenced. Haplotype analysis based on the cDNA sequence of NtNramp5 yielded a total of 57 single nucleotide polymorphisms (SNPs) for the coding regions ( Supplementary Fig. S3 ). Compared with the NtNramp5 allele from Komotini Basma, an SNP of G to A at 1,305 bp from the start codon of the NtNramp5 allele from Jinying results in an early termination of translation ( Supplementary Fig. S3 ). The deduced protein of the NtNramp5 allele from Jinying codes for only 434 amino acids, compared with 538 amino acids in the Komotini Basma allele (Fig. 4A) . Prediction using the SOSUI program (http://harrier.nagahamai-bio.ac.jp/sosui/) showed 10 transmembrane helices in the NtNramp5 from Komotini Basma, but only eight transmembrane helices in that from Jinying, with the two helices near the C-terminus missing (Fig. 4B) . In the present study, the alleles of NtNramp5 from Jinying and Komotini Basma are named NtNramp5s and NtNramp5l, respectively. Furthermore, the coding regions of NtNramp5 from eight other cultivars were isolated and sequenced. Although there are SNPs within the coding regions of NtNramp5 of the eight cultivars, they all code for full-length proteins similar to NtNramp5l ( Supplementary Fig. S4 ).
NtNramp5l and NtNramp5s are localized to the plasma membrane
To investigate whether the difference in the amino acid sequence in NtNramp5l and NtNramp5s affects their subcellular localization, both alleles were fused in-frame with enhanced green fluorescent protein (eGFP) and transiently expressed in Nicotiana benthamiana protoplasts under the control of the Cauliflower mosaic virus (CaMV) 35S promoter. In both the NtNramp5l-GFP-and NtNramp5s-GFP-expressing protoplast cells, the green fluorescence was found to be confined to the plasma membrane, whereas in the 35S::eGFP control the green fluorescence could be seen throughout the cell (Fig. 5) . A further study using a plasma membrane dye (FM4-64FX) showed that the green fluorescence of both NtNramp5l-GFP and NtNramp5s-GFP overlapped with the fluorescence of FM4-64FX. The results confirm that both NtNramp5l and NtNramp5s are localized to the plasma membrane. 
Heterologous expression of NtNramp5l and NtNramp5s in yeast
To characterize the functions of NtNramp5l and NtNramp5s, the two alleles were cloned into a yeast expression vector pYES2 and transformed into yeast cells [wild-type (WT) strain SEY6210]. The expression of NtNramp5l and NtNramp5s in yeast had no effect on cell growth under the control (0 mM Cd) conditions (Fig. 6A) . In contrast, the yeast strain expressing either NtNramp5l or NtNramp5s was more sensitive to Cd stress than WT yeast transformed with the empty vector at all Cd concentrations tested (Fig. 6A) . Interestingly, the yeast strain expressing NtNramp5l showed a greater sensitivity to Cd than that expressing NtNramp5s (Fig. 6A) . To investigate further the difference in the Cd sensitivity, the yeast strains expressing either the empty vector, NtNramp5l or NtNramp5s were grown in a liquid medium containing 0 or 20 mM Cd. Analysis of the growth curve showed similar growth of the three strains in the absence of Cd (Fig. 6B) . In the presence of 20 mM Cd, the growth of yeast strains expressing the two alleles of NtNramp5 was suppressed to a far greater extent than that transformed with the empty vector (Fig. 6B) . In addition, the yeast strain expressing NtNramp5l was much more sensitive to Cd than that expressing NtNramp5s. Cadmium accumulation in the three yeast strains after exposure to 5 mM Cd for 12 h was also determined. The yeast strains expressing both NtNramp5 alleles accumulated significantly more Cd than the vector control (Fig. 6C) . Moreover, the yeast strain expressing NtNramp5l accumulated significantly more Cd than that expressing NtNramp5s. To check if the NtNramp5s and NtNramp5l proteins were expressed similarly in yeast, Western blot analysis was performed on the two proteins fused with a FLAG-tag. The results showed that the NtNramp5s and NtNramp5l proteins were expressed in yeast strain SEY6210 at a similar level (Supplementary Fig. S5 ).
To test if NtNramp5 could transport Mn, the yeast mutant Ásmf1 defective in Mn uptake was transformed with the empty vector, NtNramp5l or NtNramp5s. Normal growth was observed in all three strains when EGTA was not added to the medium (Fig. 7) . In the presence of 2 or 3 mM EGTA, which limited the Mn availability, growth of the empty vector control and the strain expressing NtNramp5s was greatly suppressed, whereas growth of the mutant strain expressing NtNramp5l was rescued (Fig. 7) . These results indicate that NtNramp5l can transport Mn, but NtNramp5s cannot.
Expression analysis of NtNramp5 in different cultivars
To investigate whether the expression level of NtNramp5 differs between cvs. Jinying and Komotini Basma, the transcript abundance of NtNramp5 in the roots of the two cultivars treated with or without Cd was quantified by quantitative real-time reverse transcription-PCR (RT-PCR). There was no significant difference in the level of NtNramp5 expression between the two cultivars or between the 0 and 5 mM Cd treatments (Fig. 8) .
Discussion
Tobacco is able to accumulate high concentrations of Cd in the shoots. This is clearly demonstrated by the high Cd bioconcentration factor (>10) observed in the pot experiment with a moderately contaminated soil (Fig. 2) . Such levels of bioconcentration factor are typically seen in metal hyperaccumulator plants (McGrath and Zhao 2003) . One way to reduce the Cd concentration in tobacco leaves is to breed cultivars with low Cd accumulation. This approach requires germplasm resources with natural variation in Cd accumulation ability. In the present study, we found 2.2-fold variation in shoot Cd concentration among 10 tobacco cultivars in a hydroponic experiment (Fig.  1) . Cvs. Komotini Basma and Jinying showed contrasting phenotypes of Cd accumulation in both hydroponic and soil pot experiments. Similarly, Lugon-Moulin (2006 reported >10-fold variation in Cd accumulation among tobacco cultivars under field conditions. Accumulation of Cd in the aboveground tissues depends on both the root uptake and the root to shoot translocation of Cd. In rice, potato and the Cd hyperaccumulator Sedum alfredii, genotypic variation in shoot Cd concentration is largely attributed to the variation in the root to shoot translocation (Reid et al. 2003 , Xing et al. 2008 , Morel et al. 2009 , Uraguchi et al. 2009 , Ueno et al. 2010 , Yan et al. 2016 , Zhang et al. 2016 ). However, we observed no significant difference in the shoot/root ratio of Cd concentration between Jinying and Komotini Basma (Fig. 1) , suggesting that the difference in Cd accumulation between the two cultivars is not caused by a variation in the root to shoot translocation of Cd. Short-term uptake kinetics showed that Komotini Basma had a significantly higher rate of Cd uptake than Jinying (Fig. 3) , suggesting that the difference in Cd uptake by roots is responsible for the phenotypic variation in Cd accumulation between the two cultivars.
It is known that Cd can be taken up by plant roots via the transporters for Mn, Zn or Fe (Verret et al. 2004 , Nakanishi et al. 2006 , Vert et al. 2009 , Sasaki et al. 2012 . In the present study, we found significant positive correlations between Cd, Mn and Zn concentrations in the shoots among the 10 cultivars tested, with the Cd/Mn correlation being stronger than the Cd/Zn correlation. Furthermore, among the four metal elements, only Mn and Cd showed similar cultivar differences between Jinying and Komotini Basma, with the two cultivars being the lowest and highest Cd-and Mn-accumulating cultivars, respectively. These results imply that the difference in Cd accumulation between Jinying and Komotini Basma may be related to the transporter(s) responsible for Mn and Cd uptake by roots.
On the basis of the above physiological studies and the knowledge that OsNramp5 is a major transporter for the uptake of Mn and Cd in rice (Ishikawa et al. 2012 , Sasaki et al. 2012 , Yang et al. 2014 , we cloned and functionally characterized NtNramp5, the ortholog of OsNramp5 in tobacco. Interestingly, we found a substantial difference between the two alleles of NtNramp5 in Jinying and Komotini Basma ( Supplementary Fig. S3 ). The Jinging allele contains an SNP leading to early translation termination and a shortened open reading frame (ORF) coding for only 434 amino acids, compared with the full length of 508 amino acids in the Komotini Basma allele. Prediction using SOSUI shows that the NtNramp5 protein in Jinying (NtNramp5s) has only eight transmembrane domains, two fewer than that from Komotini Basma (NtNramp5l) (Fig. 4) . However, the truncation of 104 amino acid residues in the C-terminus of NtNramp5s does not appear to affect its subcellular localization, as both proteins were found to be localized to the plasma membrane (Fig. 5) . Meanwhile, there was no significant difference between the two cultivars in the level of NtNramp5 expression in the roots (Fig. 8), indicating that the expression level of NtNramp5 does not explain the cultivar difference in Cd accumulation.
Several studies have investigated the structure-function relationships in the proteins of the NRAMP family (Lam-YukTseung et al. 2003 , Nevo and Nelson 2006 , Courville et al. 2008 , Ehrnstorfer et al. 2014 . Mutational analysis of the second transmembrane domain of NRAMP2/DCT1 identified residues involved in metal selectivity (Cohen et al. 2003) . A recent study revealed that two residues in the first transmembrane domain of the bacterial NRAMP homolog ScaDMT1 are involved in metal co-ordination, and mutation in one of the corresponding residues dramatically decreased the affinity of the transporter for Cd 2+ (Ehrnstorfer et al. 2014) . It is possible that the difference in the coding region of NtNramp5l and NtNramp5s may result in different abilities for Cd and Mn uptake between Jinying and Komotini Basma. To test the hypothesis, the two alleles of NtNramp5 were heterologously expressed in yeast strains. Heterologous expression in the WT yeast showed that the NtNramp5s and NtNramp5l were both able to transport Cd, resulting in enhanced Cd accumulation and Cd sensitivity in yeast compared with the vector control (Fig. 6) . However, the yeast strain expressing NtNramp5l accumulated more Cd and showed a higher sensitivity to Cd than that expressing NtNramp5s (Fig. 6) , indicating that NtNramp5s has a significantly lower transport activity for Cd than NtNramp5l. A previous study showed that the F413I mutation affects the ability of AtNRAMP4 to transport Cd 2+ in yeast, and the motif containing F413 is highly conserved among plant and animal NRAMP homologs (Pottier et al. 2015) . In the present study, both NtNramp5l and NtNramp5s contain the highly conserved F413 motif, suggesting that it is the truncation of the last 104 amino acids in the C-terminal region of NtNramp5s that leads to a lower Cd transport activity. Furthermore, this truncation also affects the Mn transport activity. In a yeast mutant Ásmf1, defective in Mn uptake, the expression of NtNramp5l, but not NtNramp5s, was able to rescue the growth under Mn-limited conditions (Fig. 7) , suggesting that the last 104 amino acids in the C-terminal region of NtNramp5 are important for the Mn transport activity. Taken together, these results indicate that NtNramp5l can transport both Mn and Cd, whereas NtNramp5s is unable to transport Mn and has a weak transport activity for Cd. These allelic differences may well explain the contrasting Cd and Mn accumulation phenotypes in Jinying and Komotini Basma. Further genetic investigation would be needed to confirm the causal relationship. It is noted that cv. Jinying possessing NtNramp5s was still able to accumulate Mn and Cd, though at lower levels than the other cultivars, and there was no evidence of Mn deficiency in this cultivar, suggesting the presence of other Mn and Cd transporters in tobacco plants.
In conclusion, our study has shown that the tobacco NtNramp5l is a plasma membrane-localized transporter possessing transport activities for both Mn and Cd. We have also identified allelic variation in NtNramp5 among tobacco cultivars, with the NtNramp5s allele coding for a truncated protein possessing low or null transport activities for Cd and Mn. This allelic variation probably explains the phenotypic differences in Cd and Mn accumulation between cvs. Jinying and Komotini Basma. The NtNramp5s allele can be used in breeding for low Cd tobacco cultivars using molecular marker-assisted methods.
Materials and Methods
Plant materials, hydroponic and pot experiments
A preliminary screening of 119 tobacco cultivars for Cd accumulation was conducted in a hydroponic experiment, from which 10 cultivars (Supplementary Table S1 ) with relatively stable phenotypes of Cd accumulation were selected for further studies. Seeds were germinated on moistened filter papers in a Petri dish and incubated at 22 C in the dark for 3 d. Seedlings were transferred to a growth chamber (light intensity 180 mmol m -2 s -1
, 16 h day/8 h night, 60% relative humidity). After seedling roots grew to 2-3 cm, the seedlings were transferred to a 0.5 liter plastic vessel (five seedlings per box) containing an aerated 1/5 strength Hoagland nutrient solution (pH 5.7) and grown for 2 weeks. The nutrient solution was renewed every 3 d. Before Cd treatment, 15 seedlings (three plants each of five cultivars) were transferred to a 7 liter plastic vessel containing an aerated 1/2 strength Hoagland nutrient solution (pH 5.7) and cultured for another 3 d. Cd (0.1 mL CdCl 2 ) was then added to the nutrient solution and plants were grown in the treatment solution for 3 d. Each cultivar was grown in three replicated vessels of Cd treatment. At the end of the experiment, roots were separated from shoots, rinsed twice with 0.5 mM CaCl 2 to remove apoplastic Cd, followed by rinsing with deionized water. Plant samples were dried at 65 C for 3 d.
Based on the results from the hydroponic experiment, cvs. Jinying and Komotini Basma were selected for further experiments. The two cultivars were grown in a pot experiment in a glasshouse with natural sunlight. An agricultural soil slightly contaminated with Cd (total Cd 0.56 mg kg -1 , pH 5.9) was collected from Qiyang, Hunan province, China. Each pot was filled with 5 kg of soil. Basal fertilizers (120 mg N kg -1 soil as NH 4 NO 3 , 30 mg P kg -1 soil and 75.5 mg K kg -1 soil as K 2 HPO 4 ) were added and mixed thoroughly with the soil. Three-week-old seedlings of each cultivar were planted in the soil, with four replicates per cultivar. Plants were grown for 30 d. Leaves were harvested for the analysis of Cd concentration.
Cd uptake kinetics
Cd uptake kinetics by cvs. Jinying and Komotini Basma were determined in a short-term uptake experiment. Three 3-week-old seedlings of each cultivar, precultured in a 1/2 Hoagland nutrient solution, were transferred to 1 liter of basal solution containing 0.5 mM CaCl 2 and 2 mM MES (pH 5.6). After 12 h, seedlings were exposed to 0, 0.5, 1, 2, 3 or 5 mM CdCl 2 in the basal solution for 20 min under continuous aeration. The solution was maintained at either 25 C or 0 C (ice-cooled). Each Cd concentration was replicated three times. Roots were rinsed with ice-cold basal solution for 5 min and then with deionized water three times, separated from shoots and dried at 65 C for 3 d.
Cloning and sequencing of the NtNramp5 gene
The sequence for NtNramp5 (GenBank accession No. XP_016434268) was obtained by alignment of the rice OsNramp5 sequence with the Nicotiana tabacum genome database (http://www.ncbi.nlm.nih.gov/). Primers were designed to amplify the full-length coding region of NtNramp5. Total RNA was extracted from the roots of the 10 tobacco cultivars using a plant RNA extraction kit (BioTeke) following the manufacturer's protocol. A 1 mg aliquot of total RNA was used to synthesize the first-strand cDNAs by using a HiScript first Strand cDNA Synthesis Kit (Vazyme) according to the manufacturer's protocol. The cDNA fragment containing the entire ORF of NtNramp5 was amplified by PCR with the primer set listed in Supplementary Table S2 . The PCR products were purified using a gel extraction kit (Axygen), cloned into pEASY-Blunt (TransGen Biotech) and sequenced.
RNA isolation and quantitative RT-PCR analysis
The response of NtNramp5 expression in the two tobacco cultivars to Cd treatment was investigated in a hydroponic experiment. Plants were pre-cultured in a 1/2 Hoagland nutrient solution for 2 weeks and then exposed to 0 or 5 mM Cd for 24 h. Total RNA was isolated from the roots of the two cultivars as described above. A 1 mg aliquot of total RNA was used to synthesize the firststrand cDNAs by using the HiScript Table  S2 .
Subcellular localization of NtNramp5
The coding sequences of NtNramp5 from cvs. Jingying and Komotini Basma without the stop codon were amplified by PCR primers SubF and SubR1, and SubF and SubR2, respectively (Supplementary Table S2 ). The sequenced fragments were subcloned into the pSAT6-EGFP-N1 vector and fused in-frame with the GFP sequence under the control of the CaMV 35 S promoter. To investigate the subcellular localization of NtNramp5 in plant cells, Agrobacterium strain GV3101 was transformed with either 35Spro: NtNramp5:GFP or 35Spro:GFP and grown in yeast extract-peptone liquid medium overnight. The culture was centrifuged at 6,000 r.p.m. for 2 min and resuspended in AS medium (10 mM MgCl 2 , 10 mM MES-KOH, pH 5.6, and 150 mM acetosyringone) by adjusting the OD to 0.7-0.8 at 600 nm. Two-to four-week-old N. benthamiana leaves were inoculated with the resuspended Agrobacterium cells using a syringe. At 72 h after inoculation, the GFP fluorescence in the transgenic N. benthamiana leaf discs was tested. Then, the protoplasts were isolated by enzyme treatment (Yoo et al. 2007 ) and observed under a confocal laser scanning microscope (LSM780; Carl Zeiss). To confirm that NtNramp5s and NtNramp5l were both localized on the plasma membrane, a working staining solution of 5 mg ml -1 membraneselective fluorescent vital dye FM4-64FX (Thermo Fisher Scientific, F34653) was used to stain the transfected protoplasts. The GFP fluorescence was observed at 543 and 488 nm for emission and excitation, respectively. The Chl autofluorescence was detected at 575-640 and 546 nm for emission and excitation, respectively. The FM4-64FX fluorescence was detected at 744 and 565 nm for emission and excitation, respectively. Images obtained at the two spectral settings were overlaid.
Functional analysis of NtNramp5 alleles in yeast
Saccharomyces cerevisiae reference strain SEY6210 (MATa; leu2-3112; ura3-52; his3-Á200; trp1-Á901; suc2-Á9; lys2-801) and the Mn uptake-deficient mutant Ásmf1 (MATa his2Á0 met15Á0 ura3Á0 YOL122c::KanMX4) were used in the present study. The fragments containing the NtNramp5 ORF from cvs. Jingying and Komotini Basma were cloned and inserted into the SacI and BamHI sites of the yeast expression vector pYES2.0 and transformed into the yeast strains. Primers used for plasmid constructions are listed in Supplementary Table S2 . The transformed yeast was selected on SD medium without uracil (SD-U). Positive clones were cultured in SD-U liquid medium with 2% glucose to the early log phase, enriched and washed with sterile water three times. To assess the Cd tolerance in WT yeast (SEY6210) transformed with the two alleles of NtNramp5 or the empty vector, 2 ml of the cell suspension with an initial OD value of 1.0 and four serial 1 : 10 dilutions were spotted on SD-U plates containing 0, 10, 20 or 30 mM CdCl 2 in the presence of 2% galactose. The plates were incubated at 30 C for 3 d before the growth phenotypes were evaluated. To assess if the two alleles of NtNramp5 could rescue Ásmf1 under low Mn conditions, the growth phenotypes of the yeast mutant transformed with the two alleles of NtNramp5 or the empty vector were tested on a synthetic medium containing 2% galactose, 0.67% yeast nitrogen base without metals (Sunrise Science), 0.2% appropriate amino acids and 2% agar buffered at pH 6.0 with 50 mM MES and supplemented with 0, 1, 2 or 3 mM EGTA, which formed a complex with Mn in the medium (Yamaji et al. 2013a) .
To determine Cd accumulation in yeast, the transformed yeast (SEY6210) strains were cultured in SD-U liquid medium containing 2% glucose to the log phase, enriched by centrifugation and washed with sterile water three times. The cells were transferred to SD-U liquid medium containing 2% galactose with an initial OD value of 0.2. After incubation for 3 h, the medium was amended with 5 mM CdCl 2 and the cells were cultured for 12 h. The cells were washed with a cold (4 C) EDTA solution (10 mM, pH 5.0) twice and then with deionized water twice, and freeze dried. The cells were digested in 5 ml of HNO 3 in a microwave oven prior to Cd determination.
Western blot analysis of NtNramp5 expression in yeast
To determine the protein expression in yeast, a FLAG epitope tag (MDYKDDDDDK) was fused in-frame at the C-terminus of the ORF of NtNramp5s and NtNramp5l. The fragments were inserted into the PYES2.0 vector and transformed into yeast strain SEY6210. The transformed yeast was selected on SD medium without uracil (SD-U). Positive clones were cultured in SD-U liquid medium with 2% galactose to OD 600 = 1.2. The yeast cells were enriched and washed with sterile water three times. Total protein was extracted from the yeast cells using a Yeast Total Protein Extraction Kit (KeyGEN BioTECH) following the manufacturer's protocol. An aliquot of about 20 mg of microsomal protein from each sample was resolved by SDS-PAGE and electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes. The blot was then incubated with a 1 : 5,000 dilution of a primary antibody (mouse anti-FLAG antibody; CMC TAG) for 12 h at 4 C. The blots were washed and then incubated with a 1 : 5,000 dilution of horseradish peroxidase-labeled goat anti-mouse IgG antibody (CMC TAG) for 2 h at room temperature. The chemiluminescent signals of the blots were determined using ChemiDoc MP (Bio-Rad).
Determination of Cd in plant tissues
Dry plant tissues were ground to fine powder and digested with 5 ml of HNO 3 / HClO 4 (85 : 15, v/v) in a heating block. Blanks and a certified reference material (rice flour GBW10045, Institute of Geophysical and Geochemical Exploration, China) were included in the digestion for quality control. The concentrations of Cd and other elements were determined using inductively coupled plasma mass spectrometry (ICP-MS; Perkin-Elmer Nexion Â 300).
Data analysis
Data were analyzed by analysis of variance (ANOVA), followed by comparisons between means using the Tukey's HSD test or Student's t-test at the probability of P < 0.05. Statistical analyses were performed using SPSS18.0. Curve fitting was performed using SigmaPlot 12.0.
Supplementary data
Supplementary data are available at PCP online.
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